Mosses are good bioaccumulators of radionuclides and from the 60 of the last century, they are used as bioindicators of radioactive contamination in the environment. Concentration of impurities in moss represent the accumulation in mosses during the past 2-3 years. As a result, the moss composition analysis provides information on an average contamination within a few vegetation seasons. During our survey the measurements of radionuclide activity concentrations in P. schreberi transplanted from places relatively clean to heavily contaminated areas of Upper Silesia were carried out. An increase in the radionuclides activity concentrations in P. schreberi transplants may indicate not only deposition of the radionuclides itself, but also an influx of other pollutants. The results showed no relationship between the Pb-210 activity concentration and activity concentrations of Pb-214, Bi-214, also belonging to the uranium-radium decay series. The increased concentration of Pb-210 in P. schreberi may be the result of the radionuclide atmospheric deposition, which appears in the environment as a result of fossil fuels burning. Excess, allogeneic Pb-210 can be used as marker of environmental pollution. In the areas with its higher activity concentration increased pollution can be expected delivered, for example, by local industry. The Project received financial assistance from the funds of the National Science Centre, granted by force of the decision no. UMO-2013/09/B/NZ8/03340 (NCN).
Introduction
Large amount of isotopes were released into the environment in the second half of the twentieth century. That was mainly due to tests of nuclear weapons carried out at the time as well as failures of nuclear installations. The intensive development of various branches of industry and power industry also causes enrichment of the environment with radioisotopes which are released to surrounding in industrial processes. For these reasons, it is necessary to conduct research of the possible hazards resulting from accumulation of natural and synthetic radionuclides in the environment as well as research pertaining to their retention, migration and circulation in food chains and impact on the biosphere.
Due to their long half-life and high bioavailability, some isotopes constitute a problem of special importance for the natural environment. However, the potential radioactive hazard was not the only motivation for conducting research. Since the routes and mechanisms of migration of radioisotopes and many other chemical compounds may be common, the radioactive isotopes may be convenient indicators of pollutants translocation coming from various sources.
Radioisotopes in the natural environment migrate in specific way, characteristic only to them. Released into the atmosphere, depending on the climatic conditions, they may migrate over considerable distances.
There are different pathways of radioisotopes migration in environment. For example, under some conditions, the deposited Cs-137 and Pb-210 are accumulated in plants. They may also re-enrich the atmospheric aerosol through dust lifted from the soil, and can migrate over long distances, reaching even Arctic regions [1] [2] [3] [4] . The only gaseous element in decay series, Rn-222, shows other mechanisms of translocation. Due to the ease of migration, this isotope may cause a disturbance of the local radioactive balance. Part of Rn-222 is released from geological structures and undergoes further processes of decay in the atmosphere, causing the creation of other isotopes, including Pb-210 [5] .
The Upper Silesia is the most urbanized region of Poland and one of the largest urban and industrial areas in Central Europe. Long-term exploitation of the natural resources of this area together with industrialization and urbanization has caused its physical and chemical degradation, which has in turn resulted in large geochemical anomalies.
Tight air quality regulations for industrial emitters have resulted in a clearly improved air quality in national and even continental scales. However, during the same time span, urbanization and both road and traffic density have increased significantly in the Upper Silesia region.
The main sources of increased natural radioactivity in the atmosphere are coal-fired power plants and coal mines. Coal contains about 1% of trace elements and radioisotopes. Fly ashes contains radioisotopes that are concentrated several times in comparison with their content in coal or surface soil. These radioisotopes, embedded in solid or liquid particles, return to the ground as dry fallout or washed out in rain [6] [7] [8] .
The problem of contamination with radioisotopes of natural origin is still unsolved, and in some cases growing. Therefore, there is a continuing need to improve the methods of deposition analysis of these pollutants in the environment. Assessment of the environment pollution with use of living organisms is still very helpful in detecting both the risks and the changes taking place in areas under the influence of human impact. One way to determine the extent and degree of contamination is estimating of the xenobiotics level in plants.
Analysis of plants have many advantages in comparison to traditional non-living environment components analyzes such as water and soil. It was proven to be a precious mean to evaluate environmental quality and its administration [9] [10] [11] [12] .
The common application of mosses is mainly caused by their relative high efficiency in heavy metals and radioisotopes accumulation. Mosses do not have the epidermis and cuticle, which greatly facilitates the entry of contaminants into the cells. They have no roots, so they collect nutrients only from precipitation and dry deposition. It is assumed that concentration of chemical compounds in the moss's biomass corresponds to deposition from the air [13, 14] .
Air pollution biomonitoring with use of these plants is supported also by IAEA (International Atomic Energy Agency) in many countries within a coordinated research projects [15] [16] [17] . Terrestrial mosses are a promising medium for investigation and monitoring of airborne radioisotope depositions due to their widespread occurrence, ease of sampling, and the possibility of high-resolution gamma spectrometry measurements, without chemical treatment of samples [18] [19] [20] .
The results of surveys show possibility of heavy metal cations translocation from soil to epigenetic moss and epiphytic lichens through dust lifted from the soil and, in the case of moss, through water that provides it with moisture [21] .
Due to this accumulation, element concentrations determined in moss are much higher than in other sample materials such as precipitation, dust, or other plants and are thus easier to measure. Moreover, mosses can accumulate and concentrate toxic substances that may be present even in low concentrations in the local environment. Bryophytes are resistant against many substances which are highly toxic for other plants. The technique of analyzing the contents of contaminants in mosses is known as passive biomonitoring. Moss transplants have also been used as an active biomonitors [22] [23] [24] . Transplants are often used while native mosses are absent.
The aim of this study is to determine radionuclides activity level in Pleurozium schreberi transplanted from an unpolluted control site to an industrial study area.
Material and methods
Research sites were selected in the Upper Silesia (Fig. 1) . The sites were divided into categories: industrial areas, residential areas, areas close to major road junctions, the rural areas (4 each). Samples of native moss P. schreberi and soil were collected from all sites. Moss transplants, including the basis, were collected from the site considered as a control within a single population of mid-forest clearing in the pine forest, and placed in the same contaminated sites in Upper Silesia as in case of native mosses.
The measurement of radionuclide activity in plants and soils samples was carried out by means of a gamma-spectrometer with a germanium detector HPGe (Canberra) of high resolution: 1.29 keV (FWHM) at 662 keV and 1.70 keV (FWHM) at 1332 keV. Relative efficiency: 21.7%. Energy and efficiency calibration of the gamma spectrometer was performed with the standard solutions type MBSS 2 (Czech Metrological Institute, Praha), which covers an energy range from 59.54 to 1836.06 keV. The geometry of the calibration source was a Marinelli container (447.7±4.5 cm 
Results and discussions
In laboratory analyses activity concentrations of the following gamma radioactive radioisotopes were determined: Ac-228, Pb-212, Bi-212 (thorium series), Pb-214, Bi-214, Pb-210 (uranium-radium series), U-235, Th-321, Pb-211 (uranium-actinium series), K-40 and an artificial radioisotope Cs-137. Among the radioisotopes determined, the most stable is K-40, and the least stable, with half-lifes in range of several dozen of minutes, are Pb-211, Bi-212, Pb-214, Bi-214.
In Figure 2 an illustration of measurements results is presented in box plots. Distribution of activity concentrations in the brown parts of moss are labeled with "br", the same parameter for green parts is labeled "gr", and for soil the "so" label is used. It was observed that distribution of logarithm of activity concentration is more symmetric than distribution of the crude results. This observation justifies application of logarithmic transformation of results in the variance analysis computations.
In comparison of mean activity concentration in groups of the materials types the oneway ANOVA method was applied.
If null hypothesis was rejected on 0.05 α level then the Tukey post hoc test was applied to identify groups significantly different from the others.
The significance levels of the tests are encoded as follows: o -0.05 < α; * -0.05 ≥ α > 0.01; ** -0.01 ≥ α > 0.001; *** -0.001 ≥ α.
In Table 2 the statistical significance of differences between activity concentrations of radioisotopes in different materials are shown. The biggest radioactivity level in the samples was observed for K-40 and Pb-210. It was even several times bigger than activity concentration of the other radioisotopes. Activity concentrations of Pb-212 in moss were lower than the minimum detectable activity, MDA.
The data shown in Table 2 indicate similar character of radioisotopes accumulation in brown and green parts of moss. Only K-40 concentration was higher in the brown parts than in the green ones. In soil and green parts of moss activity concentrations of all radioisotopes determined were different.
Activity concentrations of some radioisotopes in soil and in the brown parts of moss are similar. Significant differences were observed in Cs-137, Pb-210 and Th-231 activity concentrations.
Despite the different material types and considerable distance between sampling sites, the sample's compositions were similar. Particularly, no significant differences in short living Pb-214 and Bi-214 activity concentrations in samples indicate uniform distribution of parent Ra-226, both spatial and in different materials. Similar homogeneous distribution was observed for U-235.
Boxplots in Figure 3 illustrate the data distribution in domestic D, transplanted T and control C moss groups, and in soil. For calculations the data regarding green and brown parts of moss were joined together.
In Table 3 the statistical significance of differences between activity concentrations of radioisotopes in different moss parts and in soil are shown. Table 3 The statistical significance of differences between activity concentrations of radioisotopes in different moss parts and in soil 
Statistically significant differences in compositions of the domestic (D) and the control (C) moss groups were found for Pb-212, Bi-214, Pb-214 and Ac-228. This result supposes similar concentrations of more stable parent radioisotopes, preceding the mentioned ones in decay series. For Pb-212 and Ac-228 it is Ra-228 (t 1/2 = 5.8 a) or Th-232 (t 1/2 = 1.4 · 10 10 a). More stable parent radioisotope preceding Bi-214 and Pb-214 is Ra-226 (t 1/2 = 1599 a). Activity concentrations of Th-213 and U-235 in moss samples belonging to the C and D groups were lower than MDA. Compositions of the transplanted moss (T) and local (D) were similar to the ones in the C and D pair. While relatively constant content of K-40 is bound to physiological role of potassium in moss and a mechanism of self-regulation of its concentration occurs, the Cs-137 activity concentration is associated with the global relocation of this radioisotope. Similar Pb-210 content also suppose influence of global sources of this radioisotope on the deposit's composition.
No significant differences in radioisotopes concentration in transplanted and local moss samples indicate unification of their composition during exposure period.
In the collected samples the state of radioactive equilibrium was assessed. Usually activity concentrations of radioisotopes belonging to the same decay series were proportional, what illustrates relation between Pb-214 and Bi-214 activity concentrations, shown in Figure 4 . An exception was Pb-210, which activity concentration was not related to the one for Bi-214. The relationship between activity concentration of these radioisotopes is illustrated in Figure 5 . Individual points on the graph are identified by the shape of the symbol (type of material) and a letter description (location of sampling site). The dotted line shows the same activity concentration of both radioisotopes.
No significant difference in character of the Pb-210 and Bi-214 activity concentrations relation in brown and green parts of moss was observed. Points representing these materials form approximately uniform groups, also in respect to sampling point location. The control group points create the separate cluster. The points representing Pb-210 and Bi-214 activity concentrations in soil form separate group. With an exception of a single point, the remaining ones represent samples in which Pb-210 activity concentration was bigger than the one for Bi-214. But this difference was clearly lower than that in moss.
No correspondence of Pb-210 activity concentration with the activities of daughter radioisotopes belonging to uranium-radium series, i.e. Bi-214, suggests the existence of an excess Pb-210. An atmospheric precipitation could be a source of additional Pb-210. The particulate material is deposited on the surface of the green parts of mosses and in surface soils. Penetrating slightly into the substrate, the material also enters the relatively shallow located brown parts of mosses. But Pb-210 remains at the surface of the soil. This conclusion is supported by lower activity concentration of this radioisotope in 10-cm layer of soil.
During the sample's collection the deeper layers (containing less Pb-210) and shallow (enriched with Pb-210) are mixed, resulting in a reduction of the radioisotope activity concentration in the material processed.
Conclusions
The following conclusions can be drawn from the data analysis:
• The expected relationship between activity concentrations of Pb-210 and Pb-214 or Bi-214 was not observed. Increased activity of Pb-210 in P. schreberi may be the result of the atmospheric deposition of the radioisotope, which appears in atmosphere as a result of fossil fuels burning.
• The excess, allogeneic Pb-210 can be regarded as a marker of environmental pollution.
In the areas with higher Pb-210 activity concentration, existence of atmospheric pollution sources can be expected.
• It has been found that increasing activity concentration of radioisotopes in P. schreberi transplanted from uncontaminated sites to industrial areas may indicate not only the deposition of radioisotopes, but also an inflow of other pollutants.
